Ultra-wideband (UWB) technologies have been anticipated for use in wireless body area networks (WBAN) because of their low power consumption and anti-multipath capabilities. This chapter presents the UWB (3.1-10.6 GHz) propagation loss in WBAN scenarios between on-body antennas in three different surrounding environments. The measurements were performed in a 3-m radio anechoic chamber, a classroom, and a small room. The propagation paths were roughly divided into line-of-sight (LOS) and non-LOS (NLOS) ones. Small rooms, particularly NLOS, yielded higher reception power than larger rooms. This was attributed to the ample multipath from the nearby floor, walls, and ceiling. The UWB maximum propagation losses in three surrounding environments were smaller than ones of CW (6.85 GHz). This is because nulls caused by interference were cancelled out by the ultra-wide bandwidth. The propagation losses of low-band (3.4-4.8 GHz) and high-band (7.25-10.25 GHz) UWB were also evaluated. In WBAN scenarios, the low-band yielded lower propagation loss than the high-band and approximately the same loss as the full-band UWB (3.1-10.6 GHz).
Introduction
Wireless body area networks (WBAN) have been discussed for medical and non-medical applications [1] . For medical applications, wireless electroencephalography (EEG), electrocardiography (ECG), electromyography (EMG), and other health-care monitoring are proposed applications. Ultra-wideband (UWB) technologies were anticipated for use in WBAN because of their low power consumption and anti-multipath capabilities. In the last few years, researchers investigated UWB indoor and outdoor radio propagation modeling and characterization [2, 3] . A number of measurements were also carried out to characterize on-body UWB propagation in the WBAN scenarios [4] . However, previous WBAN studies treated mainly the cases when propagation was measured in either a radio anechoic chamber or a particular room [5] [6] [7] . It is necessary to evaluate the variation of propagation losses in various surrounding environments from the viewpoint of WBAN device design.
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Experimental Setup
The measurements were carried out in the following rooms: The 3-m radio anechoic chamber can be considered as a room extending with an infinite volume in terms of radio propagation. The classroom and the small room were made of reinforced concrete, and their floors, walls, and ceilings were covered with linoleum, wall paper, and plaster board, respectively. A volunteer (an adult male, 1.77 m tall and 57 kg) stood upright with legs close together in either a quiet zone of the radio anechoic chamber or the center of the rooms. The UWB (from 3.1 to 10.6 GHz) frequency-and time-domain propagations losses were measured with a vector network analyzer. Commercially available meanderline antennas [8] were used for transmission and reception. The voltage standing wave ratio of the meanderline antenna was less than 2.5 from 3.1 to 10.6 GHz and the omnidirectionality in the horizontal plane was within 3 dB in a free space. The transmitting antenna was fixed on the center back waist of the volunteer placed at a height of 1 m from the floor, as shown in Fig. 1 (also indicated by * in Fig. 2 ). The receiving antenna was placed at 100-mm intervals on the body. Both antennas were vertically polarized and separated 10 mm apart from the body surface. When the receiving antenna was placed on the back of the body, the path was roughly line-of-sight (LOS); when in the front, it was non-LOS (NLOS). In total 153 receiving points around the human body were employed. The transmitting and receiving antennas were fed by 2 and 3-m long coaxial cables and these cables were perpendicular in configuration without crossing to reduce unwanted cable coupling [9] .
Measurement Results
The UWB propagation losses were calculated by integrating the power of the losses between the feeding points of the antennas over the occupied bandwidth. The calibration was conducted between the feeding points with a coaxial through adaptor. These propagation losses embraced the antenna * * * gains (typically -10 to 3 dBi), which were affected by the human body and depended on the radiation direction and the frequency [10] . The distributions of UWB propagation losses are shown in Fig. 2 . The small room yielded higher reception power than larger rooms, particularly for NLOS. Examples of the frequency-and time-domain propagation losses on the front side of the center chest and the back side of one (receiving antenna was placed at a height of 1300 mm from the floor) are shown in Figs. 3 and 4 . The propagation losses in the radio anechoic chamber and the small room were the highest and the lowest, respectively, whereas the classroom was in between, as shown in Fig. 3 . This was attributed to the ample multipath from the nearby floor, walls, and ceiling in the classroom and small room, as shown in Fig. 4 . The propagation path of the radio anechoic chamber was either direct or diffract wave, and thus the reception power is low. Multipath in the small room resulted in the lowest path loss because the propagation lengths were shorter than in the classroom, and therefore the total received power was the highest.
The propagation losses of the CW (6.85 GHz), low-band UWB, and high-band UWB were evaluated in comparison with full-band UWB. The maximums, minimums, and medians of UWB, CW, low-band UWB, and high-band UWB propagation losses measured in the three environments were derived, as shown in Fig. 5 . The variation ranges (between the minimums and the maximums) in UWB were smaller than ones in CW (in particular, more than 10 dB smaller in NLOS). This is because nulls caused by interference were cancelled out by the ultra-wide bandwidth. The results indicate that UWB technologies are more advantageous than narrowband ones from the viewpoint of reducing fading margins, although frequency-selective fading inevitably takes place. The variation ranges in full-and low-band UWB were similar for both NLOS and LOS. The maximum propagation losses of the high-band UWB, in particular radio anechoic chamber, yield 17 dB (at LOS) and 11 dB (at NLOS) higher than that of full-band UWB. The low-band UWB is hence more advantageous than high-band UWB in terms of receiving high reception power, if the full-band UWB is not legalized (e. g., in Japan and Europe at present).
Conclusions
The UWB propagation losses were measured between on-body antennas in three different surrounding environments envisioned for WBAN scenarios. Small rooms yielded higher reception power than larger rooms. This was attributed to the ample multipath from the nearby floor, walls, and ceiling. The UWB maximum propagation losses in three environments were smaller than that of CW. This is because nulls caused by interference were cancelled out by the ultra-wide bandwidth. The propagation losses of low-band UWB and high-band UWB were also evaluated. In WBAN scenarios, low-band UWB is more advantageous than high-band UWB from the viewpoint of reducing propagation losses, if the usage of the full-band UWB is legally banned.
